ABSTRACT: A compact, constant stress intensity factor, side grooved, tapered double-cantilever-beam (T-DCB) specimen has been designed for measuring elevated temperature creep and fatigue crack growth rates. This specimen is much smaller than the standard DCB specimen generally used for studying corrosion fatigue in airframe materials and it can be ea.~ily accommodated in standard furnaces generally used in elevated-temperature fracture mechanics testing. The specimen possesses a constant-K region of 30 mm. This constant-K crack length range was first established analytically through detailed two-and three-dimensional finite-element analyses and the finite-element calculations were further verified experimentally through quantitative fractographic analysis using the striation measurement technique.
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Abbreviations DCB Double-cantilever beam DOF Degree of freedom FE Finite element SIF Stress intensity factor T-DCB Tapered double-cantilever beam 2D Two-dimensional 3D Three-dimensional Laboratory creep and fatigue crack growth rate (CCGRs and FCGRs) tests are performed using test specimens of different configuration. In most cases, compact tension (CT) specimens are used for establishing crack propagation rates of long cracks as a function of specimen loading conditions where crack advancement produces a continuous increase in the stress intensity factor K. In certain situations, however, it is desirable that the K remain constant during testing. For example, in circumstances where different microstructures are tested in an aggressive environment it is not possible to isolate the influence of microstructure and environment under increasing K conditions. Under such circumstances, one is not sure whether a particular effect on CCGR or FCGR for a given material arises from combined contributions of microstructure and environmental species with changing K or whether the effect is purely microstructural. The other advantages of keeping K constant during an experiment are that effects of several different environments or different temperatures in a single environment can be determined in a single test. These are typical situations where it is necessary to maintain the K at a constant value. The paper describes a new "compact" side-grooved constant-K specimen that was designed and tested to generate creep and fatigue crack growth rate data on advanced gas turbine engine materials. This specimen is considerably smaller than the DCB specimens generally used for studying corrosion fatigue in airframe materials.
Two methods have been employed to keep the K constant during testing. The first method relies on manipulating the test specimen geometry and the second method uses the standard CT specimen for testing but the specimen load is continuously reduced through a closed loop control system in a manner such that the K remains constant when the crack advances. The latter method has been described, among others, in [1] and [2] .
In the first method--the specimen design method--the specimens are contoured in the shape of a tapered double-cantileverbeam (T-DCB) to maintain a constant-K for some range of crack length. In addition, side grooves are often provided to avoid,crack deflection and to maintain the crack path along the midplane of
FIG. l--Geometries of T-DCB specimens used in various investigations.
the specimen. Examples of various T-DCB specimens used for stress corrosion cracking and crack arrest toughness testing, Fig.   1 , have been described in [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] .
However, most of the specimens shown in Fig. 1 are not suitable for studying the elevated temperature crack growth behavior of aerospace materials, such as superalloys, because these specimens are quite large in size, ranging from 140 mm to 254 mm in length. Specimens of these sizes are expensive to machine, require large environmental chambers and furnaces, and also pose difficulties in maintaining a uniform specimen temperature during testing. Although a large specimen and hence a larger constant-K crack length will allow one to generate more data with one specimen, the specimen will be exposed to elevated temperature for a very long period of time, which can lead to temperature-induced microstructural changes in the material and consequently the crack growth data will not be produced at constant microstructure.
The newly designed specimen eliminates these difficulties. This paper summarizes the results of this specimen design and the verification of the design using analytical, numerical, and experimental techniques.
Specimen Design
Since most fracture mechanics data are generated on specimens machined from 12.7 mm (0.5 in.) thick or thicker plates, the specimen thickness was fixed at 12.7 mm to satisfy plane strain constraint requirements. It was further assumed that the total width of the new specimen should not exceed 82.5 mm so that it would fit easily into standard tubular furnaces that are often used in mechanized test systems. The new specimen configuration is shown in Fig. 2 , while Fig. 3 illustrates the nomenclature used for specimen geometry analysis. The specimen width (W) is 79.3 mm, the largest half-height (Hw) is 38.1 mm (0.48W), the smallest halfheight (lip) is 6.42 mm, the thickness outside the crack-plane (B) is 12.7 mm, and the thickness in the crack plane (BE) is 5.08 mm. Therefore, the nondimensional parameters of the specimen are Hp/ e = 0.4, WIHp = 12.352, Wle = 4.94, and the thickness reduction in the crack plane is equal to 60% (BE/B = 0.4). The specimen V-notch side grooves have included angles 2~ of 45 ° or 90 °. The edge distance of a specimen, i.e., a distance between the crack mouth and the load line, is 12.7 mm (0.16W).
The test material used for manufacturing the sPecimens was Nibased Inconel Alloy 718 with Young's modulus (E) of 200 GPa, Poisson's ratio (v) of 0.29 and yield strength (err) in the range of I000 to 1150 MPa at room temperature and in the range of 855 to 952 MPa at 650°C, depending on the heat treatment conditions applied [13] .
Finite Element Analysis
To estimate the length of the constant-K region and to investigate the effect of the side groove geometry on the specimen compliance and K, two-and three-dimensional (2D and 3D) linear elastic finite-element calculations of non-grooved and side-grooved T-DCB specimens were performed.
Thirteen 2D as well as seventeen 3D finite-element models were prepared. These FE models differed in terms of crack lengths, presence or absence of the side grooves, and the included angle of the side grooves. Since the specimen configuration and loading are symmetric with respect to the crack plane (y = 0) and the specimen mid-plane (z = 0), 2D models represented only onehalf of the specimen, whereas all 3D models represented onefourth of the specimen in the FE analyses.
Eight-node isoparametric plane strain elements were used for all 2D models, while twenty-node isoparametric solid elements were used to model the specimen in 3D. The 2D models consisted of 362 nodes and 105 elements with the number of DOFs ranging between 190 and 209 depending on the crack length. The meshes in the crack tip area for 2D models consisted of eight triangular elements with midnodes shifted to a quarter point position to model the stress field singularity. All 3D models for non-grooved specimens were generated by translating the mesh of the 2D models, originally designed in the x-y plane, in the thickness (z) direction of the specimen. Generally the 3D models were divided into five layers of equal thickness of 1.27 mm. To find the distribution of SIF across the specimen's thickness, two 3D models were specifically divided into ten layers of equal thickness of 0.635 mm. The 3D models for side-grooved specimens were obtained from the appropriate 3D models for non-grooved specimens by tapering finite-elements in the three outer layers of elements. Each crack in the 2D as well as the 3D analysis was modeled as a throughthickness crack. The 3D meshes in the crack front area consisted of the 40 wedge elements with midnodes shifted to a quarter point position to model the stress field singularity. The element sizes around the crack front for both types of analysis were of the order of 1.00 mm. Seven different crack lengths, i.e., 18.75; 25.00; 31.25; 37.50; 43.75; 50.00 and 56.25 mm were used for numerical analysis.
The 3D FE mesh with five layers consisted of 2817 nodes and 525 elements, which generated FE models with the number of DOFs ranging from 7877 to 7941 depending on the crack length. [12, 20] .
FIG. 3---Geometric parameters of a T-DCB specimen
The 3D meshes with ten layers generated FE models with 15 072 DOFs. The specimen pin load (F) was set at 4454 N and its effect in 2D was modeled using a concentrated load and in 3D using the line load distributed uniformly through the thickness of the specimen. specimen, with a 25 mm long crack modeled as a non-grooved specimen in 2D and as a 45 ° side-grooved specimen in 3D, respectively. The NISA II/DISPLAY III FE software package was used to generate the meshes and to perform the FE calculations. Displacement solutions were calculated using the NISA II module for all FE models. The SIFs were extracted from the displacement calculation results using crack opening displacement extrapolation technique originally proposed in [14] and displacement correlation technique suggested in [15] . The condition of plane strain was assumed for all SIF extractions following [16] , where it was shown that the stress state ahead of the crack tip is nearly plane strain, especially for side-grooved specimens. For 3D calculations, the SIFs were extracted at all the FE nodes on the crack front, but the results on the midplane (z = 0) were considered the most relevant to the specimen design. The elastic compliance, C, calculated as a ratio of the load line displacement y, (measured at the specimen midplane (z = 0), to the specimen pin load F, was calculated for all 2D and 3D models. To establish the maximum load that can be applied to the specimens, the von Mises stress contours were also produced from the FE results.
To check the accuracy of the finite-element calculations, one 2D model contained four times more finite elements than the others: it consisted of 1337 nodes and 420 elements, which resulted in 2648 DOFs for this model. The displacement results obtained from this model were compared to the results obtained from corresponding FE model, which contained a smaller number of elements but represented the same structure, with the same external loading and the same boundary conditions applied. The maximum relative difference between these two displacement results did not exceed 0.3%. Therefore, it was assumed that the finite-element models applied for calculations converge and that the number of finite elements used for modeling was sufficiently large.
Results and Discussion
All Mode I K values obtained through FE calculations were normalized with respect to the specimen pin load (F), the nongrooved specimen thickness (B), and the square root of the specimen width (W) to present them in a dimensionless form, K~BWt/Z/F. Although several other forms of normalization of K [12] .
are possible, the method selected is consistent with the method used in [12, 17] . This normalization is easy for practical use because the measurements of B and W dimensions are more direct than the other geometrical data of the specimen, e.g., Hp (Fig. 3) . Figure 6 plots the normalized Kl versus normalized crack length (C/W) obtained using the boundary collocation method for the non-grooved T-DCB specimen [12, 17] , together with our 2D FE calculation results obtained for non-grooved specimen. The relative difference between these two solutions does not exceed 2% in the entire range of normalized crack length. Figure 7 shows It is further observed that the K: value for a given crack length is much larger in the side-grooved specimens than in the nongrooved specimen. This is not unexpected because an applied load for a given crack length is acting over a shorter crack front in the side-grooved specimens. When analyzing these data it may be also concluded that, relative to the non-grooved specimen, the 45 ° side grooving of the T-DCB specimen increases the KI value by approximately 42%. Upon increasing the included angle of side grooving to 90 ° the KI value, relative to the non-grooved specimen, increases by approximately 49%. This value is 7% higher than the 45 ° groove results and this increase can be attributed to the decreased stiffness of the specimen due to its lower mass.
On the basis of these FE analyses the following empirical model is proposed for the calculation of the Mode I SIF (i.e., K0 for non-grooved and grooved T-DCB specimens:
where c is the crack length, W is the specimen width and the nondimensional coefficients are: do = 0.166, dl= -0.253 and dE = 0.902. The value of the coefficient A depends on the type of the specimen:
2.000, for non-grooved specimen, A = 2.844, for grooved specimen, 2~/ = 45 °, 2.974, for grooved specimen, 2",/ = 90 °.
Equation (1) From experiments performed on larger T-DCB specimens, used for stress corrosion cracking investigations, it is known that the depth and included angle of side grooves of the specimens affect the stability of crack propagation. For compact (CT) and threepoint bend specimens ASTM recommends a 45 ° side groove with 25% thickness reduction along the crack plane (BN/B = 0.75) as described in ASTM Standard Test Method for J~, a Measure of Fracture Toughness (E 813-89). The equation for the effective thickness (B~) for K calculations for either the CT specimen with 25% side grooves (ASTM E 813) or the T-DCB specimen with side grooving as suggested in [10] is:
-BN (5)
To check the validity of using this ASTM recommended procedure for grooved CT specimen for grooved T-DCB specimens, prediction of stress intensity factors based on the non-grooved specimen results incorporating the thickness modification according to Eq 5, drawn in dashed lines, are compared with the FE results in Fig. 7 . It can be seen that the prediction overestimates KI by approximately 11.5% when compared with the FE results for the 45 ° side-grooved specimen and by 6.5% when compared to the K~ for the 90 ° grooved specimens. It is therefore not recommended to use the standard ASTM procedure for CT specimen for the calculation of the effective thickness of the side-grooved compact T-DCB specimens as stated in [10] , but application of Eq 4 is suggested instead.
All three types of specimens investigated show some KI variations along the crack front, though the KI is more uniform in the non-grooved specimens. Distributions of Ki along the crack tront for the non-grooved and the 45 ° side-grooved T-DCB specimens are shown in Fig. 8 . Both K~ curves were normalized with respect to their values at z = 0, i.e., the specimen midplane. The magnitude of Ki for the non-grooved specimen (solid line) is the largest in the center and gradually drops by 26% near the specimen side surfaces. However, the opposite holds true for the 45 ° grooved specimen. The Ki is smallest in the middle plane of the specimen (z -0), and increases sharply towards the free edges, that is towards the roots of the side grooves. This increase is of the order of 32%. The same qualitative results for the CT specimen were also reported in [18, 19] , although the variations of the KI for their 25% grooved specimen were much smaller. This difference can be attributed to the difference in the depth of side grooves (BNI B) which is equal to 0.75 for the CT specimen but is as high as 0.4 for the T-DCB specimen discussed here.
Calculated specimen compliance values were normalized with respect to the specimen thickness (B) and Young's modulus of the specimen material (E), to present them in a dimensionless form, ECB. Figure 9 shows the normalized compliance curves versus the normalized crack length for the three types of specimens investigated. For comparison, prediction of specimen compliance variations based on the non-grooved specimen results but with the thickness modified according to the equation recommended by ASTM E 813 Standard for CT specimens:
is also shown in this figure (dashed lines). It can be seen that the compliance varies almost linearly with the crack length over the nondimensional crack length range of 0.2 < c/W < 0.55. It is also evident that when compared to the non-grooved specimen, the 45 ° side grooving increases the compliance by 21% for a relative crack length of 0.236 and by 13% for a relative crack length of 0.552. The 90 ° side grooving further increases the compliance for these two crack lengths by 7%.
The following empirical models are proposed for the calculation of T-DCB specimen compliance over a normalized crack length range of 0.2 < c/W < 0.55: E. C-B = eo + el (7) where c is the crack length, and the nondimensional coefficients e0 and el have the following values which change with the specimen type: Finite-element calculations performed on the T-DCB specimens also revealed the conditions necessary for yielding in the specimen neck region, which is the most critical region of the specimen. It was found that for the 90 ° side-grooved specimen machined out of Inconel 718 the maximum pin load of 14 kN causes yielding in the neck of the specimen if the yield strength crr for Inconel 718 at room temperature is assumed to be 1000 MPa. At elevated 
Experimental Verification
Further verification of the constant K range for the specimen was carried out experimentally through fractography using the striation-spacing measurement technique. A type 304 stainless steel T-DCB specimen with the geometry shown in Fig. 2 was used for these experiments. The specimen was cycled to fracture at room temperature, at a AK of 45 MPa.m lz2, over a crack length of expected constant AK of 30 mm, at a load ratio R = 0.05 and a frequency of 1.0 Hz. Subsequently, the fracture surface was studied by scanning electron microscopy and striation spacings were measured along the length of the fracture surface [20, 21] . The results are shown in Fig. 10 , where it is observed that the striation spacings tend to be nearly constant over the crack length interval of 12.5 to 44.5 mm from the load line of the specimen. It was thus confirmed that the designed T-DCB specimen provides a useful constant-K region of nearly 32 mm.
Summary and Conclusions
A new "compact" side-grooved T-DCB specimen has been designed for elevated temperature fatigue and creep crack growth rate testing under constant-Kconditions using 2D and 3D elastic FE models. This specimen is much smaller than the DCB specimens generally used for studying corrosion fatigue in airframe materials. The specimen width is set at 79.3 mm, the largest half-height is 38.1 mm, the smallest half-height is 6.42 mm, the thickness outside the crack plane is 12.7 mm, and the thickness in the crack plane is 5.08 mm. The specimen V-notch side grooves may have an [20] .
FIG. lO---Results of the striation spacing measurements performed on the T-DCB specimen
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included angle 2~ of 45 ° or 90 °. The specimen has a constant-K range of 32 mm and this was verified experimentally using the striation-spacing measurement technique. Empirical models Eqs (1) and (7) are proposed for calculating the normalized KI and compliance values for the non-grooved as well as side-grooved specimens.
To study the effect of the specimen side grooving in detail a comparison of the K~ and the compliance values computed for the non-grooved and the 45 ° and 90 ° side-grooved specimens was carried out. It was found that, contrary to previous workers' suggestions, the correction for the effective thickness for the K~ calculation recommended in ASTM E 813 for grooved CT specimens overestimates the K~ and is not valid for the T-DCB specimens. To take into account the effect of side grooves, application of Eq 4 is recommended.
The maximum applied pin load that can create yielding in the designed T-DCB specimen neck region depends on the testing temperature and the material being tested. It was established that for the Inconel 718 the yielding occurred at a load of 14 kN at a room temperature and 13.3 kN at 650°C.
